ABSTRACT The access impedance of low-voltage (LV) power networks is a major factor related to the performance of the narrow-band power line communications (NB-PLCs) and, in a wider sense, to electromagnetic compatibility (EMC) performance. Up to date, there is still a lack of knowledge about the frequency-dependent access impedance for frequencies above 9 kHz and up to 500 kHz, which is the band where the NB-PLC operates. The access impedance affects the transmission of the NB-PLC signal, and it determines the propagation of the non-intentional emissions that may disturb other electrical devices, including malfunctioning or reduced lifetime of equipment. This paper presents the results of field measurements of the LV access impedance up to 500 kHz in different scenarios, with measurement locations close to end users and near transformers. The results provide useful information to analyze the characteristics of the LV access impedance, including variation with frequency, ranges of values for different frequency bands, and analysis of specific phenomena. Moreover, the results reveal a diverse frequency-dependent behavior of the access impedance in different scenarios, depending on the grid topology, the number of end users (that is, number and type of connected loads), and the type of transformation center. Overall, the results of this paper offer a better understanding of the transmission of NB-PLC signals and EMC-related phenomena.
I. INTRODUCTION
In the frequency range below 9 kHz, it is well known that the access impedance of LV networks is a major factor for setting Electromagnetic Compatibility (EMC) requirements. Accordingly, reference values for the network impedance are given in IEC/TR 60725 [1] for fundamental frequency and in the appendix to IEC 61000-4-7 [2] , [3] for frequencies between 2 kHz and 9 kHz.
By contrast, there is still limited knowledge about the access impedance and load impedances of LV grids for frequencies above 9 kHz. However, there are many EMC aspects
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where the frequency-dependent grid impedance may have an impact. First, the impedance in the supply network affects the propagation of non-intentional emissions in this frequency band and, therefore, the possibly disturbing effects of these emissions to other electrical devices, including malfunctioning or reduced lifetime of equipment [3] - [5] . Second, impedance is a key aspect for Narrow Band Power Line Communications NB PLC, on CENELEC A band (3 kHz to 95 kHz for energy providers) currently used in Europe, ARIB band (155 kHz to 403 kHz) in Japan and on FCC (155 kHz to 487 kHz) for the United States and the rest of the world. For example, end-user equipment may represent a low-impedance path at frequencies used for NB PLC, resulting in attenuation of the intentional signal, which might disturb or interrupt communication [3] . In addition to this, the proper design of power frontends of the NB-PLC equipment requires an estimation of the impedances to be expected on the LV grid for this frequency band, in order to avoid impedance mismatching effects [6] , [7] .
Therefore, it is important to investigate about typical impedance values for this frequency range. Since the access impedance value depends on the grid topology, type of cable and the connected loads, extensive field trials in different scenarios are needed, in order to be able to perform a statistical approach for finding typical impedance values [1] , [3] .
Some previous measurements have been reported in the literature. The measurements included in [6] are performed in laboratory installations. In [7] , there are some examples of measurements on three-phase low-voltage distribution grids, where the measurement equipment was connected as close as possible to the house connection box. In [8] , some measurements in a typical urban residential area with underground power cable are analyzed. Additionally, [9] and [10] show some more examples of impedances of connected devices and access impedance in indoor scenarios.
The results included in this paper provide further insight into this topic, with an empirical analysis based on field measurements of LV access impedance values. In Section II, the field trials, including measurement locations and methodology, are described. In Section III, results are presented and analyzed according to the characteristics of the measurement scenarios. Finally, Section IV gathers the main conclusions of the work.
II. OBJECTIVES
The main goal of this study is the analysis of empirical values of the access impedance of the LV electrical grid. For this purpose, a measurement campaign in representative scenarios of the grid topology was scheduled in coordination with the DSO Iberdrola.
The analysis methodology developed for this project was based, first, on the definition and implementation of an accurate and validated measurement system, then, on the use of ad-hoc software for the data processing of the registered data, and last, on the thorough analysis of the field results, considering the particularities of the grid topology and the measurement areas. The measurements and the data processing were adjusted to obtain values of the grid impedance up to 500 kHz, in order to characterize in detail the frequencydependent behavior of the access impedance in different scenarios.
III. METHODOLOGY
The study described in this paper is based on the analysis of a set of grid impedance measurements in rural (overhead cable) and urban (underground cable) scenarios, with locations close to end users but also near transformers. This section describes the analysis methodology of the recording and processing of the data registered in the measurements.
A. MEASUREMENT METHODOLOGY
The measurement method used in the field trials has been developed by the TSR Group of the University of the Basque Country (UPV/EHU), specifically for the characterization of the impedance of the LV electrical grid in the frequency range up to 500 kHz. This measurement method has been tested in the laboratory [11] and presented in CENELEC SC 205A Working Group 11 [12] .
As these trials were planned in coordination with Iberdrola, the measurement methodology was adjusted to the frequency range of the NB-PLC technologies used by this DSO for Smart Metering services in the LV distribution network: 35 kHz -500 kHz, for PRIME 1.3.6 [13] and PRIME 1.4 [14] transmission technologies.
The method is composed by, first, the recording of voltage and current values in a specific point of the grid, and second, the signal processing of the recorded values, in order to assess the frequency response of the grid impedance [11] , [12] . The measurement system injects ad-hoc test signals into the grid, and then, it acquires the voltage and current values synchronously (see Figure 1) . The ratio between voltage and current values for each particular frequency bin provides the variation of the amplitude and phase of the grid impedance, and the post-processing of the registered data provides the spectral characterization of the impedance for the whole frequency range, from 35 kHz to 500 kHz. The system is prepared to inject two types of ad-hoc signals into the grid: a single frequency sweep or NB-PLC signals. In the first case, the level of the transmitted signal, the sweep time and the frequency range are configurable by the user in the signal generator; in the second option, the signal level and the frequency channel can be selected by the user. In both cases, the injected signal level should be at least 10 dB higher than the level of the noise present in the grid. The sweep signal allows the measurement for the whole frequency range, while the use of NB-PLC signals provides results only for the frequencies of the NB-PLC channels.
For synchronous measurement of voltage and current, a high-resolution oscilloscope (Picoscope series 5000) digitizes the acquired signals at a high sampling rate. In particular, the sampling frequency used in these measurements is 3.9 Msample/s with a resolution of 15 bits/channel. The measurements were then decimated to 1.95 Msample/sec to alleviate the data processing; this sampling frequency is high enough to avoid aliasing effects.
The decoupling of the generated signal from the LV grid is carried out by a commercial capacitive probe and a current probe (see Figure 1) . The voltage probe must reject signals below 2 kHz (mainly 50/60 Hz component and low order harmonics), in order to protect the measuring equipment, but also reject signals above 500 kHz to avoid coupling of radio signals and aliasing effects. The fundamental and the low order harmonics are filtered out by the voltage probe with an attenuation greater than 107 dB. This suppression of high amplitude signals significantly increases the resolution of the system, since the amplitude resolution is completely adapted to the voltage range used to measure the grid impedance, which is considerably lower than the voltage level of the fundamental. The frequency response of the coupler in the frequency band of interest should be as flat as possible for the wide range of typical expected grid impedance values (from 1 to 50 ) [3] .
In order to couple the generated signal into the grid, a capacitive probe has been specifically designed for this system. This coupler does not modify the characteristics of the generated signal, and it protects the signal generator against overvoltages caused by fast transient disturbances.
B. DATA PROCESSING
The processing of the recorded signals is the core of the assessment procedure of this method. It is based on three main steps: signal windowing, Fourier analysis and impedance assessment.
Once the voltage and current values generated by the injected signal have been recorded, the software applies a sliding windowing in time domain to these recordings. Then, Fourier analysis is applied separately to each set of (V, I) samples, in order to obtain spectral characterization. The Fourier analysis does not take into account the frequency bins below 35 kHz, and therefore, the attenuated component at 50 Hz is not considered in the data processing. Last, the impedance is calculated by dividing the voltage and current values of all the frequency bins.
One of the main strengths of the method is that different resolutions in time and frequency domains are possible, simply modifying the configuration of the signal processing of the recorded measurements [11] , [12] . The frequency resolution depends on several parameters of the assessment procedure: the time duration of the acquisition of voltage and current signals, the length of the sliding window and the configuration of the FFT; the time resolution is related to the sweep time of the injected signal. As all these parameters are configurable by the user, both frequency and time resolutions can be determined by the configuration of the measurement system and adapted to different approaches. A typical configuration is composed of an injected sweep time of 1 s length, a sliding windowing of 20 ms/5 ms and the use of a FFT to each subset of 20 ms, which provides a resolution of 50 Hz in frequency. Better resolutions can be obtained with different configurations of the system, up to 5 Hz in frequency.
The resolution in amplitude is determined by the specific configuration used in the measurements. Considering that the sampling resolution of the oscilloscope is 15 bits/sample and the quantization error depends on the dynamic range used in the measurement configuration, the maximum error in the amplitude resolution is 0.61 mV. Since the dynamic range used in the field trials was always between 2 and 20 times lower than the maximum, the error in amplitude resolution is much lower than 0.61 mV in all cases.
For the sake of accuracy, only the V and I levels with a margin of 10 dB above the noise level are considered in the calculation. For that, the noise levels in the frequencies where there is no presence of the injected signal sweep are calculated and compared to the (V,I) levels. Moreover, the current probe and the equipment for voltage measurement (including connecting cables, voltage probe and oscilloscope) were carefully characterized and measured values are applied for calibration in the post-processing software [11] .
The ad-hoc software provides the instantaneous values of the frequency response of both amplitude and phase of the grid impedance.
IV. PLANNING OF THE EMPIRICAL TRIALS A. MEASUREMENT SCENARIOS
Four representative scenarios of the LV distribution grid in the Basque Country (Spain) were selected for the field trials. All the selected scenarios include a transformer substation and the corresponding downstream last-mile distribution grid to the homes. In particular:
• Two urban areas composed of building blocks of 4-6 floors and underground grid distribution.
• Two rural areas with very low density of detached houses and aerial grid distribution. In the urban areas selected for the analysis, the distribution grids include a high number of short tri-phasic branches, providing service to a high number of homes in a limited area. Therefore, the density of the users' loads is high and they are located at short distances from the transformer station, in a grid topology composed of a high number of short cable sections (see Figures 2 and 3) .
On the contrary, in the rural areas, the distribution grids under analysis are composed of a low number of branches, connecting a reduced number of detached houses, separated several tens of meters, with separately distributed phases in different branches. Therefore, the cable sections between houses are mono-phasic, long and aerial (see Figures 4 and 5) .
B. MEASUREMENT CAMPAIGN
The measurement campaign was developed with the collaboration of authorized staff, who was in charge of connecting the measurement system to the selected points in the LV distribution grid. Measurement points were located both at the transformer stations (labeled as TC in Figures 2 to 5 ) and at a set of access points within the distribution grid between the substations and the homes (labeled as Rx in Figures 2 to 5 ). The only exception was the scenario Rural-2, where the TC was not accessible to connect the measurement equipment, and it was no possible to measure the access impedance at this point. In all the measurement locations within tri-phasic grid distribution, the impedance for each of the three phases was measured.
As the recording of each measurement requires only a few seconds, several measurements were registered at each phase of each measurement point, in order to evaluate the short time-variability of the grid impedance.
V. RESULTS AND ANALYSIS

A. IMPEDANCE AT THE TRANSFORMER STATION
The frequency response of the access impedance at the transformer substation of urban (Urban-1/TC1, Urban-2/TC2) and rural (Rural-1/TC3) scenarios are shown in Figure 6 . The registered values are lower than 20 for the whole frequency range.
In general, results of the impedance amplitude show a linear increasing tendency with frequency f due to the inductive nature of the electrical lines. Therefore, the impedance of the power line depends on the inductance of the cable L and the length of the cable according to jωL, with ω = 2π f . Apart from this linear trend, no significant variations with frequency are shown, except for Rural-1 (TC3), where a local maximum at 110 kHz shows values above 15 . According to this inductive behavior, the phase of the impedance is close to 90 • (1.57 rad) for most of the frequency range.
However, some significant changes at specific frequencies that reduce the inductive behavior are also observed.
In [15] , the authors describe and summarize the results of impedance measurements of several converter and nonconverter transformers as a function of frequency. From measured impedance, it can be concluded that the profiles of the impedance change both in terms of magnitude and phase angle as a function of frequency. Each profile shows the presence of resonant frequencies that alter the linear tendency of the impedance, but all of them show an increasing tendency with frequency; the amplitude and frequencies of these resonant frequencies depend on transformer design features and on terminal conditions. The increasing tendency is also observed in the measurements developed in [16] , with maximum magnitude values between 5 and 10 for transformers located in residential and rural areas. Moreover, [8] and [17] describe measurements in transformers that show that the impedance is mainly inductive and resistive. According to the conclusions of the above-mentioned references, the results shown in Fig. 6 seem to be influenced by different types of transformers for each location, as well as different number, type and distance to connected loads.
The curves of the three electrical phases of each measurement location match quite well in amplitude for Urban-1 (TC1) and Rural-1 (TC3), which implies similar overall behavior for all the frequencies up to 500 kHz. On the contrary, some variations are observed in Urban-2 (TC2), both in impedance amplitude and phase of PH1, with respect to PH2 and PH3. It should be noted that the absolute values depend on the number of outgoing feeders, due to the fact that each feeder represents a parallel connection to the access point and therefore decreases the resulting impedance [17] .
B. URBAN ENVIRONMENT
The access impedance values at the measurement locations along the distribution grid between the TC and the end users in the scenario Urban-1 are shown in Figure 7 . The curves in the figure show clear differences between electrical phases at the same measurement point.
Moreover, two different behaviors can be observed. For frequencies up to approximately 250 kHz, some variability both in amplitude and in phase is present at all the measurement points. In this frequency range, the total impedance seem from a certain point of the distribution grid strongly depends on the loads connected to the grid. It should be mentioned that many household devices have an EMC filter with a capacitor connected between phase and neutral, which results in low impedances at high frequencies [19] .
The variability at lower frequencies is shaped as local maxima of impedance amplitudes and impedance phases close to 0 • (resistive behavior), at specific frequencies. These specific frequencies differ at each measurement point, although they may be present in the same phase for measurement points separated a short distance (see Figure 8) .
By contrast, for frequencies from approximately 250 kHz to 500 kHz, a clear inductive tendency is shown, this is, a linear increasing tendency with frequency in amplitude and phase values close to 90 • (1.57 rad). The inductive behavior of the impedance and its tendency to increase with frequency is supported by the conclusions in [18] . This seems to be caused by the prevalence of the inductive frequency response of the lines in the overall response of the grid for this frequency range.
These observations match the conclusions obtained in [8] and the measurements in close vicinity to a hospital and a shopping center included in [18] . It should also be noted that the impedance amplitudes are higher than those recorded in the transformer station (up to 15 Ohm below 150 kHz and up to 25 Ohm above 150 kHz). 
C. RURAL ENVIRONMENT
The results for the measurement locations located at the rural distribution areas are shown in Figure 9 , for Rural-1, and Figure 10 , for Rural-2.
Although the results obtained in rural environment do not follow a common pattern, they can be grouped into two types of observations. All the measurement points located nearer the end users (for Rural-1: RX2, RX3, RX4; for Rural-2: RX3) show more similar results to those obtained in urban areas. This is, amplitudes between 1 Ohm and 10 Ohm for most of the cases, and lower than 20 Ohm in any case, and a clear inductive behavior for frequencies above 250 kHz. As in the urban scenarios, local maxima of impedance amplitude arise for specific frequencies, with values lower than 20 Ohm.
These results are in line with conclusions in [7] , where, in rural scenarios, the impedance is usually low and irregular, as it strongly depends on connected devices. By contrast, in urban scenarios with bigger buildings, the general behavior is more regular.
On the contrary, measurement points located at a certain distance of any home show considerably higher values of impedance [7] , in particular, higher than 30 Ohm for a wide set of situations and frequencies, and up to 70 Ohm in some specific cases; moreover, no inductive behavior is observed for any frequency range. The variability with frequency of amplitude and phase values is significantly higher for all the frequency range. This variability is different for all the phases, therefore, the frequency response for different phases differs noticeably; this is due to the monophasic distribution of the grid in these areas, at least for some of the sections. This aspect can be clearly observed if the results of rural areas are grouped regarding the distance to a home (see Figures 11 and 12 ). Only measurement points at a certain distance from any home show greater amplitudes, higher variability and a behavior that does not follow an inductive trend with frequency.
The reason of this different behavior may be based on the type of impedances of cable sections (inductive behavior, increasing with frequency), homes (low impedance values) and other types of loads in the grid (non-inductive behavior). Moreover, the impedance of overhead line twisted cable, typical of rural areas, is considerably higher than the impedance of underground cables, most common in urban scenarios [20] .
Hence, a measurement point located near a home will be highly influenced by a low impedance in parallel with the rest of the grid, which leads to low values and inductive behavior for higher frequencies. On the contrary, in measurement points located at a certain distance from end users, the effect of inductive (cable sections) and non-inductive (other loads FIGURE 12. Access impedance at Rural-1 and Rural-2 areas, at a certain distance from a home: Up, impedance amplitude; bottom, impedance phase (notice that the vertical scale of the impedance magnitude is considerably larger than in the rest of the figures).
in the grid) elements leads to higher impedance amplitudes and a frequency response with increased variability.
D. TIME-VARIABILITY OF THE GRID IMPEDANCE
Impedance measurements were repeated in two separate days at TC-1 (Urban-1), in order to evaluate the long-term variation of the impedance, due to the connection and/or disconnection of the home loads. In this case, both types of injected signals were used (single-tone sweep and controlled NB-PLC transmission, as described in section III.A). Results in the frequency response show small variations in absolute values of the magnitude (if compared with the disparities between rural and urban scenarios), but they represent high relative variations (see Figure 13 ). This goes in line with the conclusions in [7] , [8] , and [21] .
Variations within one mains cycle depend mainly on the nearby appliances, which are located further away from the measurement location in the case of block of flats, and therefore not observed in these measurements. Moreover, since the number of loads connected in parallel is larger, the relative contribution of one of the loads is less relevant in the measured overall access impedance at that specific point. 
VI. CONCLUSIONS
A field measurement campaign has been developed in Spain, in order to evaluate the frequency response up to 500 kHz of the impedance of the electrical grid in different scenarios. Representative scenarios of rural and urban environments were selected, where the access impedance was characterized by using a measurement method tested in the laboratory [11] and presented in CENELEC [12] . This work contributes with on-field measurements, as demanded by several working groups from CENELEC and IEC.
According to the results obtained in these trials, the urban distribution may be considered as a particular scenario of short cable sections and numerous homes. In most of the potential interesting points for Smart Grids applications (near the users or near the transformer substations), the expected impedance values would be of low amplitude (lower than 25 Ohms at any frequency within the evaluated range) and inductive behavior for frequencies above 250 kHz.
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